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ABSTRACT
7075 T651 aluminum alloy is frequently used in aircraft applications for its high strength to weight ratio. However,
aircraft parts made of this alloy have been plagued by stress corrosion cracking (SCC). Retrogression and re-aging
(RRA) is a post T65 1 two-stage heat treatment that provides improved SCC resistance with minimal loss in tensile
strength. In this study, various forms of microscopy and mechanical testing are used to investigate how the RRA process
affects the microstructure. The microscopic observations in this paper show that the precipitates in the aluminum alloy
coarsen and that the grain boundary regions are depleted of copper and magnesium. The mechanical testing performed
shows that the aluminum alloy decreases in strength and increases in conductivity when exposed to longer retrogression
times prior to re-aging.
Keywords: SCC, RRA, microscopy, 7075 aluminum alloy
1. INTRODUCTION
In the past thirty years, many studies have been conducted in an effort to understand and prevent stress conosion
cracking (SSC) in structural grade aluminum alloys, such as the 7000 series''6. At its peak strength (T6 temper) the
7000 series aluminum alloy is highly susceptible to SCC. Overaging can enhance the SCC resistance of these alloys, but
it results in a 10-15% reduction in strength. Researchers have focused on trying to determine the leading causes of SCC
as well as a method to prevent SCC without sacrificing the load-bearing capability of the part. One method of
overcoming some of the problems associated with SCC is to develop and qualify a new structural alloy that has an
improved SCC resistance. However, the time and money associated with a material substitution makes this impractical
for many aircraft suffering from SCC problems. The next viable option is to re-heat treat the alloy so it develops a
microstructure with greater SCC resistance. Microstructural features that are involved in SCC include precipitate free
zones (PFZ's), bulk grain precipitates, the dispersion frequency ofgrain boundary precipitates and local solute
concentration gradients17. SCC cannot be attributed to only one ofthese factors, as many believe that these
microstructural features interact with each other to produce damaging effects in aluminum alloys.
The retrogression and re-aging (RRA) heat treatment was developed in 1 974 by Cina to enhance resistance to SCC
in Al-7075 T618. Ideally, the RRA treatment ideally would allow the Al-7075 to remain near its peak strength with more
scc resistance. RRA is a two-stage heat treatment. The first stage is retrogression and is typically achieved at
temperatures between 200 and 2800C1. Once the material has retrogressed, it is quenched. It is then re-aged at 120°C for
24 hours.
The microstructure of the 7075-T6 alloy consists of Guinier-Preston (GP) zones with small amounts of the r' phase
before it is exposed to the RRA process. Mondolfo suggested that the 7000 series undergoes the following phase
transitions during aging:
G.P.Z.'s - 1' (MgZn2) -* r (MgZn2)
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GP zones form from supersaturated solid solution (a) and are generally described as coherent and spherical in nature.
The GP zones then transition into a semi-coherent (r ')phase. The semi-coherent (i') is described as having an
hexagonal morphology. The semi-coherent phase is then transformed to an incoherent equilibrium phase (ri). This
phase is believed to be hexagonal'9.
During the retrogression stage of the RRA process, the GP zones and i' that are below a critical size go back into
solution. This supersaturates the material with higher amounts of Mg and Zn. When the material is re-aged, Mg and Zn
will precipitate out to form the r ' and r phases. The quantity of the metastable, i ', and equilibrium, i, depend on the
retrogression and re-aging temperatures and times8. As the phases in the aluminum are changing, the microstructure is
believed to lend itself to features that are less susceptible to SCC such as coarser precipitates which are spaced further
out on the grain boundary, a reduced amount of dislocations and decreased widths of the precipitate free zone. The
objective of the present work was to characterize the evolving microstructure at different RRA conditions and correlate
them to mechanical measurements.
2. EXPERIMENT
The as received 7075 —T651 aluminum was a 121 .9 cm x 90.8 cm x 0.6 cm plate. Specimens were sectioned to 1.9
cm x 1 .3 cm for microstructural studies of the RRA process. Four samples were individually retrogressed at 195°C for
2, 20, 40 and 60 minutes in a hot oil bath followed by a water quench. Samples were then re-aged again at 12 1 °C for 24
hours. An as-received 1 .9 cm x 1 .3 cm segment was also prepared for microstructural study to provide baseline
information.
Specimens were prepared for transmission electron microscopy (TEM). The principal rolling direction was
identified for each sample. The specimens were sectioned so the microstructure could be viewed perpendicular to the
principal rolling direction (LT plane). This orientation was chosen to facilitate the examination of the precipitates in the
bulk ofthe grains. Each section was thinned to approximately 100 microns and core drilled to produce three, 3 mm
discs. The discs were then placed in a Fischione dualjet electropolisher and etched in a solution of 250 mL of methanol,
150 mL of2-butoxyethanol and 17 mL ofperchloric acid at —40°C and 21 V. The discs were placed in the JEOL 1200
EX ASID transmission electron microscope. Conventional TEM images were analyzed using image analysis software.
Elemental analysis was performed via energy dispersive spectroscopy (EDS) using an EMISPEC digital imaging
and acquisition system once the conventional TEM images were obtained. To perform this analysis, the microscope was
switched from the conventional operating mode to scanning mode. An EDS line scan was collected from the TEM beam
following a superimposed line drawn on the scanned image. A complete EDS spectrum was acquired.
One additional specimen retrogressed for 40 minutes and re-aged was prepared for atomic force microscopy (AFM)
and ultrasonic force microscopy (UFM) to determine if these techniques were useful for identifying microstructural
features in this alloy. The sample was mounted to view the microstructure perpendicular to the principal rolling
direction. The sample was polished to a 1 .0 micron surface finish and placed in an electropolisher containing 590 mL of
methanol, 350 mL of2-butoxyethanol, and 60 mL ofperchloric acid at —50°C and 20 V for 45 minutes. The
electropolished face of the sample was sectioned 1 mm deep from the surface and examined using AFM and UFM.
Tensile, hardness and conductivity data was gathered to compliment the microstructural analysis. Tensile tests were
conducted in accordance with ASTM E8. Hardness was measured with a Buehler Macromet 3 using the Rockwell B
scale. Conductivity measurements were made using a hand held eddy current conductivity meter. This provided
electrical conductivity as a percentage of the International Annealed Copper Standard (%JACS). Data was collected to
correlate any changes in microstructure to differences in mechanical properties.
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3.1 Transmission Electron Microscopy
3. RESULTS
The microstructure of the as-received and RRA treated material was characterized using a variety of TEM based
methods. The magnifications of the TEM operating in conventional mode were used to separate out the two categories
of precipitates observed. The coarse precipitation was observed at 10,000 to 20,000x. Fine precipitation was detected at
magnifications between 100,000 to 150,000x. The grain boundary was found to have both coarse and fine forms of
precipitation. These regions were examined at magnifications greater than l00,000x. Examples of the three types of
precipitates are shown in Figure 1.
Figure 2. Grain boundary precipitation at 100,000x of(a) retrogressed for two minutes and re-aged, conductivity = 32.5 % IACS
(b) retrogressed for 20 minutes and re-aged, conductivity = 37.5 % IACS
(a) () (c)
Figure 1. A1-7075 retrogressed for 40 minutes and re-aged. (a) the coarse precipitation at 15,000x (b) the fine precipitation at
100,000x (c) at the grain boundary precipitation at 100,000x.
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Figures 2 and 3 show the gram boundary regions of samples that were exposed to various retrogression times prior
to re-aging. In figures 2 and 3, arrows in each picture indicate precipitates at the gram boundary. In each micrograph,
the fme precipitation around the gram boundary is apparent. Figure 2a, shows a micrograph of a sample that was
retrogressed for two minutes and re-aged. The large white circles noted in this photo, are due to holes that were
generated in the thin section of the sample during electropolishmg. Certain regions reacted faster during the
electropolishing, producing multiple holes in the thinned section of the disc. Examination of figure 2a indicates that the
grain boundary does not have a consistent width. The regions adjacent to the grain boundary do not appear to contain
any of the fme precipitation, indicating that this region is most likely a precipitate free zone (PFZ). Furthermore, it was
noted that the width of the PFZ appears to vary along the grain boundary. In Figure 2b, the sample was retrogressed for
20 minutes and re-aged. No PFZ region was noted in this micrograph. In figure 3a, the sample was retrogressed for 40
minutes and re-aged. In this photo, the fme phase appears to be less distinct as compared to those samples having
shorter retrogression times. In Figure 3b, the aluminum has been retrogressed for 60 minutes and re-aged. The grain
boundary shows coarse and fme precipitates.
(a)
Figure 3. Grain boundary precipitation at l00,000x of(a) retrogressed for forty minutes and re-aged, conductivity = 38.7 %
IACS, (b) retrogressed for sixty minutes and re-aged, conductivity = 39.5 % IACS.
(a)
Figure 4. Fine phase precipitation at l00,000x of(a) retrogressed for two minutes and re-aged, conductivity = 32.5 % JACS (b)
retrogressed for twenty minutes and re-aged, conductivity = 37.5 % IACS
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Figure 5. Finephase precipitation at 100,000x of(a) retrogressed for forty minutes and re-aged, conductivity = 38.7 % IACS, (b)
retrogressed for sixty minutes and re-aged, conductivity = 39.5 % IACS.
In figure 4 and 5, the fine precipitation can be seen in samples exposed to different retrogression times prior to re-
aging. Figures 4 and 5 contain arrows pointing to the fme precipitates. Figure 4a shows a TEM image taken from a
sample of Al-7075 T65 1 retrogressed for two minutes and re-aged. Figure 4b shows a fine precipitation phase for a
sample retrogressed for 20 minutes and re-aged. In Figure 5a, the sample has been retrogressed for 40 minutes and re-
aged. Figure 5b is a micrograph from a specimen exposed to 60 minutes ofretrogression prior to re-aging.
Figures 4 and 5 show that the fine precipitation is a circular shape. Some of the fme precipitation is approximately
four nanometers in diameter. Four nanometers is considered to be the typical size range of GP zones4. Therefore, it is
likely that these particles are GP zones but other analytical techniques are required to confirm this. Figure 5b also
indicates that there is a population of lath shaped precipitates throughout the bulk of the material. This shape is
indicative of the equilibrium 1 phase developing in the material3.
(a) (b)
Figure 6. Coarse phase precipitation at 15,000x (a) retrogressed two minutes of retrogression, conductivity = 32.5 % IACS (b)
retrogressed for twenty minutes and re-aged, conductivity = 37.5 % JACS. The circled spot is an artifact of the electropolishing
of the specimen
(a) (b)
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Figures 6 and 7 illustrate the existing coarse phase in the RRA treated aluminum alloy subjected to various
retrogression times. In figures 6 and 7, arrows are pointing to the coarse precipitation. Figure 6a shows Al-7075 T651
retrogressed for two minutes and re-aged. The population of coarse precipitation in the material appears to be low and
have an irregular shape. Figure 6b displays the aluminum alloy retrogressed for 20 minutes and re-aged. The population
of the coarse precipitation is comparable to that existing in the two-minute exposure. In figure 6b, the circled darkened
spot in the micrograph is an example of an electropolishing artifact on the sample. Figure 7a has been treated with 40
minutes of retrogression. The population of the coarse precipitates has increased. The sample image shown in Figure 7b
has been retrogressed for 60 minutes of retrogression. The population of the coarse precipitation has continued to
increase.
3.2 Image Analysis
The conventional TEM images were analyzed using Image Pro 4.0. The average equivalent diameter and aspect
ratio of the precipitates were calculated. From the average equivalent diameter, the volume and linear fraction of
precipitates was determined. Plots of these values as a function of retrogression time for the grain boundary, fine and
coarse precipitates are provided in figures 8 through 16.
5.00
0
4.00
(U
_________________ __________
3.00
2.00
(I) 1.00
0.00
(a) (b)
Figure 7. Coarse phase precipitation at 15,000x (a) retrogressed for forty minutes and re-aged, conductivity =38.7 % IACS, (b)
retrogressed for sixty minutes and re-aged, conductivity = 39.5 % IACS
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Figure 1 6. Area fraction of coarse precipitates
3.3 Scanning Transmission Electron Microscopy and Elemental Analysis
Since 5CC is intergranular, further characterization of the grain boundary was needed. Therefore, the focus of the
elemental analysis in this investigation was on the gram boundary. Figure 17 is a scanned image of a gram boundary
retrogressed for 40 minutes and re-aged. The solid line intersecting the grain boundary was drawn on the scanned image
with the data acquisition software. The intersecting line does not cross a precipitate. This allowed for a focused
examination of the grain boundary chemistry without any precipitate interaction. In figure 17, the linear profile of the
grain boundary was split into three sections for analysis: before the grain boundary, the grain boundary, and after the
grain boundary. In figure 17, these regions are separated by dotted lines marked "1" and "2".
Figure 17. Scanned transmitted image of A1-7075 subjected to 40 minutes of retrogression
Figures 18 and 19 display the elemental differences in the linear profile of the grain boundary. In each section of
the profile the elemental counts were averaged. Figure 18 shows that the grain boundary is aluminum rich and depleted
of copper. Figure 19 shows that the boundary is aluminum rich and depleted of magnesium.
0.10
0.08
0.06
0.04
0.02
0
C.)
L.
LI.
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Figure 18. Elemental profile of aluminum and Figure 19. Elemental profile of aluminum and
copper at the grain boundary magnesium at the grain boundary
3.4 Atomic Force and Ultrasonic Force Microscopy
_____ '4 ir c
e
,
r
%
# 8b 4%
M k
:
:÷÷ :}o nm I iu(p*afll* $ ? *
IIIIIIIIIIIIIIIIIIlIIIII! ii:.
_ 4
TEM UFM AFM
Figure 20. A sample of Al-7075 T65l retrogressed for 40 minutes and re-aged. A comparison between TEM, UFM and AFM.
The TEM image clearly shows a grain boundary. The AFM and UFM show nano-sized features.
AFM and UFM images are provided in figure 20 for comparison. The AFM and UFM detected nano-sized features,
which have the possibility ofbeing ofprecipitates. However, it remains difficult to identify grain boundaries and the
other microstructural features of interest in this study. Additional work with AFM and UFM is required for these
techniques to meet their full potential in the microstructural analysis off RRA treated aluminum alloys.
3.5 Mechanical Testing
Figures 21 through 23 show the results of the mechanical testing performed on as-received and RRA treated
specimens. Figure 21 shows that the hardness ofthe samples decreased with increasing retrogression exposure prior to
re-aging. In figure 22, the tensile strength has decreased with longer retrogression times prior to re-aging. Figure 23
shows that the conductivity ofthe samples increased with longer retrogression times prior to re-aging.
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A suspicious phenomenon was noted for the gram boundary precipitates. The precipitates exhibited steady growth
with increasing retrogression time prior to re-aging for all samples but that retrogressed for 40 minutes and re-aged. A
sharp increase in precipitate size was noted for the sample retrogressed for 40 minutes prior to re-aging. This data point
contradicts past microstructural studies of grain boundary precipitates as well as basic kinetic theory. Additionally, it is
well understood that the solutes in the aluminum matrix diffuse along the grain boundary and precipitate
heterogeneously. This frequently causes a variation in precipitate size from one grain boundary to another. Therefore, it
is quite likely that the data obtained at 40 minutes ofretrogression prior to re-aging is an abnormality. Future research
should include microstructural examination of a greater number of samples for each condition.
The mechanical testing data displays trends consistent that presented in the literature. Such trends include
decreasing tensile strength and hardness and increasing conductivity with increasing retrogression time prior to re-aging.
Based on prior studies, the increase in conductivity suggests an increase in 5CC resistance1'4"6'21. Conductivity is not
the only indication that the samples have improved in 5CC resistance. It is believed that solute gradients at the grain
boundary cause the boundary to be highly anodic to the bulk grain. This usually leads to an increased susceptibility of
SCC. The RRA process has decreased the amount of the magnesium and copper in the grain boundary. Therefore, it is
likely that these elemental changes have made the grain boundary less anodic to the bulk grain decreasing the aluminum
alloy's susceptibility to 5CC.
5. CONCLUSIONS
The objective of this work was to characterize the various phases inthe RRA treated 7075 using TEM, AFM, UFM
and a variety of mechanical testing. The following conclusions were made in this investigation:
(1) The RRA process causes the coarse and fme precipitates in the microstructure to increase in size when
compared to the as-received 7075-T651 alloy.
(2) It is likely that the grain boundary precipitates also coarsen due to the RRA treatment.
(3) Longer retrogression times prior to re-aging lead to larger precipitates
(4) Treating Al-7075 T6 with the RRA process will cause a depletion of copper and magnesium at the grain
boundary.
(5) It is suggested that the lower copper content in the RRA grain boundaries may affect the corrosion
susceptibility by reducing the galvanic potential between the matrix and the grain boundaries.
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